Subendocardial ischemia without anatomic coronary artery obstruction may result from a discrepancy between metabolic needs and available blood supply. We studied this in open-chest anesthetized dogs and measured pressures in aorta and left ventricle (LV), phasic left coronary arterial blood flow (CBF) by electromagnetic flowmeter, total CBF and LV subendocardial (endo) and subepicardial (epi) flow with radioactive microspheres 8-10fi in diameter. Since LV subendocardial flow is mainly or entirely diastolic, it should depend on coronary driving pressure and duration of diastole (i.e., the area between aortic and left ventricular diastolic pressures). This diastolic pressure time index (DPTI) was varied by opening arteriovenous fistulas to lower aortic diastolic pressure, constricting the ascending aorta to raise LV diastolic pressure and pacing to shorten diastole. Myocardial oxygen needs were estimated from the tension time index (TTI). Normal endo-epi flow ratios per gram (1:1) fell to 0.1:1 with these procedures and paralleled a fall in diastolic flow fraction (often nearly zero) and postischemic coronary reactive hyperemic responses. These changes occurred despite normal or raised mean CBF and 300-500% increase in systolic CBF. The altered flow ratios were best predicted by relating them to the ratio of DPTI (supply) to TTI (demand).
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• Patchy necrosis and fibrosis of left ventricular subendocardial muscle occur in patients whose coronary arteries are normal or narrowed by atheroma (1) (2) (3) (4) (5) . These changes could be due to a discrepancy between myocardial oxygen demand and available blood supply in subendocardial muscle, but this hypothesis has not yet been tested in human disease. However, lowering coronary driving pressure in normal animals results in reduced perfusion of left ventricular subendocardial muscle relative to that of subepicardial muscle (6) (7) (8) (9) (10) and in the electrocardiographic signs of ischemia (10) . Vulnerability of subendocardial muscle to ischemia might be due to inhomogeneity of intramyocardial compressive forces, which are reported to equal or exceed intracavitary pressures in the subendocardial muscle and fall to near atmospheric pressure in subepicardial muscle (11) (12) (13) (14) . Subendocardial flow should therefore be predominantly diastolic and, once maximal vasodilatation has occurred, should depend on coronary arterial diastolic pressure, the opposition to flow by diastolic intramyocardial or coronary venous pressure (whichever is higher) and the duration of diastole. Coronary arterial pressure equals that in the aorta as long as there is no obstruction, and diastolic intramyocardial pressure is probably similar to intracavitary pressure (12) (13) (14) . Therefore the factors determining diastolic perfusion of subendocardial muscle when it is pressure dependent should be represented by the area between the aortic and left ventricular pressure curves in diastole. We termed this area the diastolic pressure time index (DPTI).
Since subepicardial flow can occur in systole and diastole while subendocardial flow is mainly diastolic, most of the flow in the left coronary artery will normally be diastolic (15) (16) (17) . If subendocardial flow is decreased relative to subepicardial flow we would expect a reduction in the proportion of diastolic flow in the left coronary artery; such an alteration has been reported (18) (19) (20) (21) (22) but has not been related to measured subendocardial flow. We therefore designed experiments to examine the relationship among (1) phasic flow patterns in the left coronary artery, (2) the components of the DPTI and (3) measured flows in the subendocardial and subepicardial muscle of the left ventricle. We also determined if changes in DPTI or phasic coronary flow could be used to predict subendocardial ischemia. To estimate myocardial oxygen demand we measured the time tension index (TTI) of Sarnoff et al (23) . Finally, since pressure dependency can occur only after maximal vasodilatation, we obtained information about the site, degree and timing of maximal coronary vasodilatation by measuring the hyperemic response to short periods of coronary ischemia (21, 24) .
Methods
Experimental Preparation.-We anesthetized 29 dogs weighing 20-25 kg with 30 mg/kg sodium pentobarbital intravenously and gave supplemental doses as needed. The dogs were ventilated with oxygen-rich gas mixtures by a Harvard respirator via an endotracheal tube; arterial oxygen tensions were 150-450 mm Hg and carbon dioxide tensions were 29-42 mm Hg throughout the study. Through a left thoracotomy we transected the descending thoracic aorta, placed no. 40 Bardex tubes into each end and connected them to a Y tube to reconstitute flow through the aorta. The third arm of the Y was connected to the right atrium by a no. 28 Bardex tube with a cannulating electromagnetic flowmeter transducer (Biotronix model BL 612) in line; the amount of flow diverted to the right atrium was controlled by a screw clamp. We measured cardiac output in ten dogs with a cuff electromagnetic flowmeter transducer around the main pulmonary artery and calibrated this flowmeter with dye dilution curves.
Umbilical tape was passed around the ascending aorta for an occlusive snare. Polyethylene tubes (PE 190) were placed into left and right atria, the supravalvular aorta through the left subclavian artery, the left ventricle retrograde through the carotid artery, and the femoral artery. Pressures were measured with Statham P23Db transducers and recorded on a Beckman oscillograph. In some dogs, electrodes were placed on the right ventricle or atrium and connected to a Grass stimulator. We placed an electromagnetic flowmeter transducer (Biotronix model BL 612) around the left anterior descending coronary artery and put a silk snare distal to it. Phasic and mean flows were measured simultaneously, and frequent occlusion zeros were obtained to check base-line stability. The systolic and diastolic flow fractions were obtained by planimetry of the area under the phasic flow recording. Diastolic coronary flow was taken as beginning with the dicrotic notch of the aortic pressure tracing and ending at the time of rapid deceleration of the diastolic coronary flow tracing or the beginning of the upstroke of the next ventricular pressure curve. All reactive hyperemic responses were taken after an 8-second occlusion of the anterior descending coronary artery. The flow debt was calculated as the control flow times the duration of occlusion. The payback of this debt was measured by planimetry of the area beneath the mean coronary blood flow curve from the time of restoring flow until mean flow stabilized at or near the preocclusion level. The area above the level of preocclusion mean flow during reactive hyperemia was divided by the calculated flow debt and multiplied by 100 to obtain the percent hyperemic response; 100% indicates that the flow debt was exactly repaid (21, 24) .
In the experiments we altered each of the variables determining the DPTI. In six dogs we constricted the descending aorta. In nine other dogs the supravalvular aorta was constricted by progressively tightening the tape around it, with 3-5 minutes left for stabilization between each level of constriction; left ventricular diastolic pressure rose with aortic constriction. In two sets of experiments the diastolic duration was reduced; we paced the right ventricle at 210-300 beats/min in three dogs and in two other dogs crushed the sinoatrial node, moderately constricted the supravalvular aorta and paced the right Sr by filtering microspheres 1-lOfjL in diameter through 8[x, Nuclepore filters (General Electric Company). With a separate filter for each nuclide we washed the microspheres repeatedly with jets of normal saline containing 0.5% Tween 80; this mechanical agitation helped to break up clumps. After washing, the filters were shaken into the same solution and the microspheres came off easily. When examined with a microscope, at least 95% of the microspheres were over 8/J, in diameter and they were usually not clumped. However, if allowed to stand for 10-15 minutes they tended to aggregate. To avoid clumping, the vial with the microspheres was placed in an ultrasonic bath for 15 minutes immediately before injection. In some of the later experiments, clumping was inhibited by suspending the spheres in 0.05% benzalkonium for 30 minutes and then placing them in heparin (100 units/ml). In addition to these microspheres, we also used those of diameter 12 ± 2.5fj. (meanitSD) labeled with !)1 Nb and 15±2.5fi labeled with 125 I in some experiments to obtain measurements when only one type of the 8-10/x microspheres was available.
At selected times during the experiments we injected 600,000-800,000 microspheres into the left atrium from a small vial and flushed them in with 10 ml of warm saline over about 20 seconds. These injections usually produced no changes in heart rate, arterial blood pressure or coronary flow but we discarded the few studies (under 5% of the total) in which any of these variables changed. Immediately before the microspheres were injected, blood was allowed to drip at a rate of 15-25 ml/min into collecting vials from a catheter tied into a femoral or carotid artery. After preliminary experiments showed that 98% or more of the spheres emerged in the reference sample within 60 seconds, we collected all reference Circulation Research, Vol. XXX, January 1972 flows in two vials for 30 seconds each; the reference sample was discarded if the volumes of blood in the two vials differed by over 15%.
At the end of the experiment the dogs were killed with pentobarbital and the heart was removed. The atria were cut off and the ventricles divided into right and left ventricular free walls and septum as described previously (25) . The left ventricular free wall was divided into subendocardial, middle and subepicardial layers of about equal thickness, but because of variability in this division the subendocardial and subepicardial muscle formed 16-30% and 17-38%, respectively, of the total weight of the free wall. The septum was divided into three layers and the right ventricle into two layers. The heart and blood samples were placed in vials and counted in a well scintillation detector connected to a 400 channel pulse height analyzer. The total activity of each isotope was calculated by modifying the method of Rudolph and Heymann (26) . Finally, the total and regional coronary blood flows were calculated as flow to heart (or region) equals flow in reference sample times counts in heart (or region) divided by counts in reference sample (25) . We estimated DPTI by planimetry of the area under the diastolic aortic pressure curve and subtracting from it the mean left atrial pressure (assumed equal to left ventricular diastolic pressure); right atrial mean pressure was used if it was above left atrial pressure, We used the mean atrial pressure to avoid the artifacts which occur when ventricular pressure is measured with undamped catheters. DPTI times heart rate is the DPTI per minute.
Calculations of
The DPTI as measured overestimates true DPTI by about 5-10% because our measurement included the small areas of ventricular isometric contraction and relaxation. For the same reason, TTI is about 5-10% less than integrated left ventricular systolic pressure. The mean left atrial pressure which we used in place of left ventricular diastolic pressure should be very similar to it in the absence of mitral stenosis: the difference is only about 1 imm Hg. 
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Results
For most of the experiments, only one or two sets of 8-10/x microspheres were available so that we did not use these microspheres for control measurements in every dog once we had noted that normally the subendocardialsubepicardial ratio of flow per gram varied very little. In 12 dogs this ratio had a mean of 1.01 and a standard deviation of 0.07. Therefore the control data in Table 1 show the mean results for these 12 dogs, some of which were in each experimental group. Heart rates, pressures, and flows were measured in all 29 dogs in the control state (except for 2 dogs with no flows), and the mean values did not differ significantly from the mean values for the 12 dogs used to provide the control values in Table 1 . Statistical comparisons were usually made by paired f-test (27) between control measurements and measurements in the same dog after an induced change and immediately before the injection of microspheres. The exceptions were that subendocardial-subepicardial flow ratios and subendocardial flows for each experimental group were compared with the normal values for 12 dogs by unpaired t-test (27) .
The subendocardial flows and subendocardial-subepicardial flow ratios in Table 1 are for the free wall of the left ventricle; the data for flows in the left, middle, and right layers of the septum were similar to those for the layers of the free wall and will not be presented. Furthermore, when there was a difference in the flow per gram of the subendocardial and subepicardial muscle, the flow per gram of muscle in the middle layer was always intermediate in amount. For brevity, the data for the middle layer will not be given.
With distal aortic constriction (Table 1 ) the systolic and diastolic hypertension was associated with a 60% rise in TTI (P<0.01) and a 13% rise in DPTI. Mean coronary flow increased 54% (P < 0.01) and the proportion of diastolic flow fell 5% (P<0.01) (Fig. 1) . Although reactive hyperemic responses were 22% below control values (P < 0.01) the flow debt was always repaid by over 175%. After constricting the ascending aorta, systolic pressure rose 62% (P<0.01) above control values (Table 1, Fig. 2 ), but mean aortic diastolic pressure varied from 75 to 140 mm Hg and was not significantly different from control levels. The duration of systole increased markedly, especially with tachycardia. Left atrial pressure rose progressively as the aorta was constricted more tightly and reached an average of 39 mm Hg (P < 0.01); in two dogs it exceeded 50 mm Hg. There was no evidence of pulmonary edema in these dogs and arterial oxygen tensions did not fall. Cardiac output decreased an average of 35% at the time of maximal constriction. TTI rose in all experiments (P<0.01) but DPTI fell progressively (P < 0.01), especially when aortic diastolic pressure was low or tachycardia developed. Mean coronary blood flow increased to 45% above control values (P < 0.01) due to a 253% (P < 0.01) rise in systolic coronary flow. Diastolic coronary flow was unchanged at first but eventually fell 38% (P < 0.01). Mean coronary flow fell only when the dogs could not maintain systolic hypertension, and when this occurred, left atrial pressure rose still further and the dogs deteriorated unless the constriction was relieved. Reactive hyperemia decreased (P < 0.01) as the constriction was tightened and payback of the flow debt was under 100% when diastolic coronary flow fell below 30% of the total.
With ventricular pacing, aortic systolic and diastolic pressures were usually maintained until heart rate was above 220 beats/min. TTI/min was raised when these pressures were maintained but fell as arterial pressure was lowered. DPTI fell progressively (P<0.01) because diastolic time decreased. These indexes fell almost in parallel, and DPTI/TTI usually remained above 1 until heart rate exceeded 275 beats/min, when DPTI/TTI fell progressively. Mean coronary blood flow rose initially due to increasing proportions of systolic flow as the rate rose (Table 1) and then fell at rates which differed in different dogs. Reactive hyperemia fell progressively, and the payback of the flow debt was always less than 100% at rates above 275/min; in one dog it was under 100% at 210/min. In the two dogs with atrial pacing and a supravalvular aortic constriction, DPTI/TTI was below 0. 5 Figure 1 .
Phasic aortic blood pressure with mean and phasic blood flow in the anterior descending coronary artery with increasing flow through the arteriovenous fistula. Note that the diastolic How signal is negative in the last panel. Markings as in
hyperemic response was under 100% at a rate of 150/min. When we increased heart rate in increments of 30 beats/min, aortic systolic and diastolic pressures fell progressively, diastolic duration decreased and left atrial pressure rose an average of 5 mm Hg with each increment of heart rate. The decreased aortic pressures were preceded by a fall in mean and diastolic coronary flow. DPTI fell more than TTI because of the shortened diastole, higher left atrial pressure and lower aortic diastolic pressures. Reactive hyperemic responses remained below 100% in each dog. When the fistulas were opened progressively until 2000 ml/min passed through them, aortic systolic pressure was unchanged until near the maximal fistula flow but aortic diastolic pressure fell progressively (P < 0.01) ( Table 1, Fig. 3 ). Left atrial pressure did not rise until systolic hypotension was seen. Systolic ejection time was prolonged absolutely and relative to cycle length (P<0.01) so that TTI rose to 31% above control at first and then with larger fistulas gradually returned to base-line levels. DPTI fell progressively (P < 0.01). Mean coronary blood flow was initially stable but fell an average of 17% below control values with the biggest fistulas; this mean flow was maintained by progressive increases in systolic coronary flow (P < 0.01) until almost all the flow was systolic. When diastolic flow fell below 30% of the stroke flow, all dogs developed hypotension and bradycardia or ventricular fibrillation unless the fistula was closed. The reactive hyperemic responses fell progressively as the fistulas were opened wider (P < 0.01) and payback of the flow debt was under 100% when the diastolic flow was under 30% of the total.
Distribution of Coronary Blood Flow.-In
the control period, the percent of diastolic flow was 75-85% and subendocardial flow ranged from 58 to 106 ml/min 100 g-1 (Fig. 4 , left). There were significantly lower subendocardial flows in the dogs with fistulas, most values with distal aortic constriction were above normal (P < 0.01) and with proximal aortic constriction or ventricular pacing the 
FIGURE 5

Flow ratio per gram of left ventricular suhendocardial to subepicardial blood flow measured by microspheres is plotted against DPTI (left) and DPTI/TTI (right) measured when the microspheres were injected.
flows could be above or below the normal range. More consistency was noted when the ratio subendocardial: subepicardial flow was plotted against the percent of diastolic flow (Fig. 4, right) . The inner and outer layers of the left ventricle each received approximately equivalent flows during the control period, with distal aortic constriction and with pacing as long as the diastolic flow was above 65^ of the total flow. All the flow ratios fell below control levels in proportion to the reduction of diastolic flow with more rapid pacing, lower aortic diastolic pressures due to fistulas, or raised left atrial pressures from proximal aortic constriction (correlation coefficient 0.80, P < 0.01). All correlation coefficients will refer to these three types of experiments alone since the data for controls and distal aortic constriction show no major changes, i.e., they fall on the horizontal parts of the curves. There was considerable variability when the Subendocardial-subepicardial flow ratios were related separately to mean aortic diastolic Circulation Research, Vol. XXX, January 1972 pressure, left ventricular diastolic pressure, and diastolic duration, the correlation coefficients being respectively 0.22, 0.49 (P<0.05), and 0.73 (P<0.01). Since the design of the experiment did not allow these variables to be changed independently, the partial correlation coefficients were calculated (27) and were respectively -0.09, 0.31, and 0.70 (P<0.05). (The probabilities given for the correlation coefficients indicate a significant difference from zero correlation.)
If all these variables were combined to form the DPTI (Fig. 5, left) , the correlation of DPTI with the subendocardial-subepicardial flow ratio was 0.65 (P<0.05) with a standard deviation from regression of 0.26. This correlation was not better than for diastolic duration alone. A higher correlation coefficient of 0.85 (P<0.01) with a smaller standard deviation from regression of 0.18 was found when we related the flow ratio to the ratio DPTI/TTI (Fig. 5, right) . Flow ratios below 0.8 always occurred whenever DPTI/TTI was less than 0.8. (Similar correlations were obtained by plotting the flow ratio against the ratio DPTI/peak systolic pressure; here r = 0.83 (P < 0.01), standard deviation from regression 0.19.) Thus when DPTI/TTI rose in parallel with distal aortic constriction or fell in parallel with pacing, homogeneity of myocardial perfusion was maintained. DPTI was less than TTI in three dogs with ventricular pacing, and the subendocardial-subepicardial flow ratios in two of them were 0.58 and 0.79; both of these abnormal ratios occurred with the 12/i, Nb microspheres and would be slightly lower with the 8-10/t microspheres. Reactive Hyperemia.-ln control studies and with distal aortic constriction the payback of the flow debt was always over 175% and the myocardium was homogeneously perfused (Fig. 6 ). Whenever the debt was repaid by less than 100%, the subendocardial-subepicardial flow ratios were always below 0.80; DPTI/TTI was always below 0.40 at these times. The repayment was slightly higher in dogs with proximal aortic constriction than with fistulas when hyperemic responses were compared at equivalent flow and DPTI-TTI ratios. Mean coronary blood flow decreased after the 8-second occlusion in several dogs only when mean arterial pressures decreased during and after occlusion; many of these dogs developed arrhythmias within 10-30 seconds after release of the occlusion.
Discussion
Critique of the Methods.-The microspheres can measure coronary blood flow within 20% of its true value and so can detect changes above 20% in single experiments and of smaller amounts if groups of data are pooled. Also, as long as more than 400 microspheres are present in the subendocardial and subepicardial layers (total 800) the ratio of subendocardial to subepicardial microspheres per gram will vary less than 20% for a single value; smaller differences can be detected if groups of ratios are compared (28) .
The control subendocardial-subepicardial flow ratios which we obtained with 8-10/x microspheres are similar to those obtained with diffusible indicators (7, 8, 29, 30) ; the slight differences noted could be due to differences in the techniques used or the physiology of the preparations. In addition, the way the heart has been divided to provide these ratios is not uniform in different studies. Some have separated the wall into three layers, some into two, and usually the variability of the division is not mentioned. The variability of division that we found might explain some of the variability in flow ratios whenever there was inhomogeneous perfusion.
Myocardial Oxygen Needs.-Pressure loads on the left ventricle are accompanied by a proportional rise in myocardial oxygen uptake and coronary blood flow (31) . Our studies with distal aortic constriction showed an increased coronary blood flow of 71% above control values and a rise of TTI of 60%. These figures are in quite good agreement, since Sarnoff et al. (23) showed that oxygen requirements of the heart were directly related to the area under the systolic pressure curve. Although they proposed the term "tension time index" and realized that tension might be involved, this area can more accurately be described as a systolic pressure time index. The area under the systolic pressure curve bears a constant relationship to wall tension only if geometry remains constant; if the heart dilates, wall tension will increase at any given pressure. All of our experiments with supravalvular aortic constriction would be expected to increase ventricular volume, so that in them TTI would underestimate oxygen demand. In the other experiments, there was no or only slight change in left ventricular end-diastolic pressure and thus probably little change in ventricular volume. Despite this variability due to geometric changes, the study of McDonald et al. (32) did show that TTI correlated almost as well with myocardial oxygen consumption as did peak wall tension, so that errors in using this easily measured index are probably not great. Sonnenblick et al. (33) showed that during inotropic stimulation there could be an increased myocardial oxygen uptake despite a fall in TTI. In their studies, systolic ejection shortened and the rate of left ventricular ejection rose. In all of our experiments (except the pacing studies), systolic ejection was prolonged and the rate of left ventricular ejection was decreased; this potential error, therefore, did not seem to apply to our results.
Monroe (34) observed that myocardial oxygen uptake was almost maximal by the time the peak systolic pressure had been reached and that peak systolic pressure could also be used to predict myocardial oxygen uptake. The increased coronary flow following distal aortic constriction was more closely associated with change in TTI than with this pressure in our studies so that we used TTI to estimate myocardial oxygen needs.
Changes in Distribution of Myocardial Blood Flow.-After distal aortic constriction, the increased coronary blood flow was distributed almost equally to subendocardial and subepicardial muscle, as noted previously (8, 35) . With proximal aortic constriction, coronary flow rose a similar amount (4525 vs. 5435, 0.6<P<0.4) but was not evenly distributed, subendocardial flow averaging only 3735 of epicardial flow. The increased coronary flow was predominantly diastolic with distal aortic Circulation Research, Vol. XXX, January 1972 constriction and the increased oxygen requirements of systolic hypertension were met since subendocardial flow rose because of diastolic hypertension. Conversely, the increased coronary flow was predominantly systolic with proximal constriction, as aortic diastolic pressure did not change significantly following this intervention. Myocardial oxygen requirements (TTI) were higher after proximal constriction (6540 vs. 4341 mm Hg sec/min, P<0.01), but diastolic subendocardial flow became limited because left ventricular diastolic pressure rose and diastole was shortened by tachycardia and prolonged systolic ejection times. Actual flows per 100 g of subepicardial muscle averaged 205 ml/min for the proximal constriction and 110 ml/min for the distal constriction (P<0.05), while the subendocardial flows were respectively 61 and 124 ml/min (0.1 > P>0.05). Since for more cardiac work the subendocardial muscle was getting less flow during proximal than distal constriction it is likely that it was ischemic at that time. The conclusion is supported by the deterioration (fall in cardiac output, death) that occurred after severe proximal aortic constriction. The deterioration was not associated with clinical pulmonary edema or hypoxemia, the right atrial pressure did not rise and subepicardial muscle was sometimes receiving an increased amount of blood. In similar experiments, electrocardiographic evidence of ischemia has been noted (10) . Further indirect evidence for subendocardial ischemia can be found in the occurrence of heart failure (fall in cardiac output, systemic hypotension, raised left atrial pressure) in dogs with a large arteriovenous fistula. At these times, they all showed a markedly reduced ratio of subendocardial to subepicardial flow and a reduced subendocardial flow averaging 38 ml/min 100 g" 1 muscle. Since the subepicardial flow was at control levels of 71 ml/min 100 g" 1 with these fistulas and since increasing cardiac output alone causes little increase in myocardial oxygen uptake (31) , the absolute reduction of subendocardial flow probably produced ischemia of that muscle and impaired cardiac performance. We should emphasize that in these dogs left atrial pressure rose and cardiac output fell only after the marked reduction in subendocardial flow. Similar findings have been reported with controlled reduction of coronary blood flow (7, 8, 36 ) and in one of those studies (36) ischemia was documented by a fall in the pH of coronary venous blood and by the myocardial production of lactate.
We do not imply that any fall in the subendocardial-subepicardial flow ratio below normal indicates subendocardial ischemia, but that when the discrepancy is marked there is good reason to believe that ischemia is present. Like all ratios this should be interpreted with care since a change could be due to either of its components. Thus a rise in the ratio from 0.3 to 0.5 may not indicate increased subendocardial blood flow; it could in theory follow the administration of a vasoconstrictor that had no effect on maximally dilated arteries in ischemic subendocardial muscle but reduced subepicardial flow by constricting its arteries. If this occurred, subendocardial flow would not increase unless perfusing pressure rose; in fact, if perfusing pressure then fell for any reason it might be possible for the subendocardial-subepicardial ratio to rise while the subendocardial flow was actually falling. One advantage of the microsphere method is that it avoids misinterpretation of ratios because it allows measurement of changes in both the subendocardial-subepicardial flow ratio and absolute subendocardial flow if a reference sample is collected when the microspheres are injected.
It is possible that a flow ratio below 1 may exaggerate the amount of relative subendocardial ischemia. This might occur if a vasodilator were released from the ischemic inner layer (37, 38) and caused the subepicardial vessels to dilate more than necessary to supply blood for the metabolic needs of subepicardial muscle.
The decrease in subendocardial and increase in subepicardial flow were often associated with normal or even elevated total coronary blood flows so that under the circumstances of these changes, methods that measure only total left ventricular flow (coronary sinus drainage, nitrous oxide washout, xenon washout) give limited information. Electromagnetic flowmeter recordings of phasic flow are more helpful, since phasic flow patterns can be used to predict distribution of coronary flow. A decreased proportion of diastolic flow correlated well with a fall in subendocardial-subepicardial flow ratio even when the absolute subendocardial flow was increased, as in the dogs with proximal aortic constriction. From these studies it appears that an increased proportion of systolic flow in the left coronary artery indicates preferential flow to the subepicardial muscle. Similar changes in phasic flow patterns have been shown in studies with proximal aortic constriction (22) , experimental aortic incompetence (18, 19, 21) and hemorrhagic shock (20) . This consistency helps to dispel the possibility that these changes were artifactual, especially since in one study (18) the flowmeter was not electromagnetic.
Although no single variable consistently predicted subendocardial underperfusion in our studies, diastolic duration seemed to correlate better with the distribution of blood flow than did any other variable. This might be expected since subendocardial perfusion is predominantly diastolic and tachycardia occurred with each intervention. A better prediction, however, was obtained when the ratio of DPTI to TTI was measured, since this takes account not only of factors responsible for supply (DPTI) but also for those regulating demand (TTI). This ratio is similar to the coronary-ventricular ratio of Griggs and Nakamura (7) but may be more useful because it identifies the events affecting subendocardial flow more clearly.
When the DPTI ratio was over 0.8, all areas of the left ventricle were evenly perfused. If this ratio was reduced, but remained above 0.8, the coronary arteries dilated to maintain the parity of flow in different layers. This vasodilatation was evident when we tested the reactive hyperemic responses. Since the proportion of flow to subendocardial and subepicardial muscle' remained normal until the reactive hyperemic responses were less than
